Hypercortisolism is caused by a cortisol-secreting adrenocortical tumour (ACT) in approximately 15%-20% of cases in dogs. Little is known about which molecular markers are associated with malignant behaviour of canine ACTs. The objective of this study was to identify molecular markers of prognosis, which could be useful to refine prognostic prediction and to identify potential treatment targets. Cortisol-secreting ACTs were included from 40 dogs, of which follow-up information was available. The ACTs were classified as low risk of recurrence tumours (LRT; n = 14) or moderate-high risk of recurrence tumours (MHRT; n = 26), based on the novel histopathological Utrecht score. Normal adrenals (NAs) were included from 11 healthy dogs as reference material. The mRNA expression of 14 candidate genes was analysed in the 40 ACTs and in 11 NAs with quantitative RT-PCR. The genes' expression levels were statistically compared between NAs, LRTs and MHRTs. Univariate and multivariate analyses were performed to determine the association of the genes' expression levels with survival. Seven genes were differentially expressed between NAs and ACTs, of which pituitary tumour-transforming gene-1 (PTTG1) and topoisomerase II alpha (TOP2A) were also differentially expressed between LRTs and MHRTs. In survival analyses, high expression levels of Steroidogenic factor-1 (SF-1), PTTG1 and TOP2A were significantly associated with poor survival. In conclusion, we have identified several genes that are part of the molecular signature of malignancy in canine ACTs. These findings can be used to refine prognostic prediction, but also offer insights for future studies on druggable targets. K E Y W O R D S adrenocortical adenoma, adrenocortical carcinoma, cancer, canine, Cushing syndrome, prognostic, treatment targets
in 15% to 20% of cases. If no metastases are detectable, the treatment of choice for an ACT is adrenalectomy. Other or adjunctive treatment options include the steroidogenesis inhibitor trilostane, which will only reduce the clinical signs of hypercortisolism and has no effect on tumour growth, and the adrenocorticolytic agent mitotane, which can cause considerable side-effects. 2 Reported recurrence rates after adrenalectomy vary between 12% and 38%, [3] [4] [5] which can be caused by metastases or regrowth of the ACT.
Assessing the risk of recurrence after adrenalectomy is usually based on histopathology. However, the histopathological parameters that are mostly used in the assessment of canine ACTs 6 often have high interobserver variability in human ACTs, 7, 8 and some studies did not observe a significant difference in survival times of dogs after adrenalectomy based on their histopathological diagnosis. 4, 9 To improve the reliability and prognostic value of histopathology in canine cortisol-secreting ACTs, we recently introduced a new histopathological scoring system: the Utrecht score. 5 The Utrecht score was based on parameters with low intra-and interobserver variability and their association with the dogs' survival times. It includes assessment of the Ki67 proliferation index, the presence of necrosis, and the percentage of clear/vacuolated cytoplasm, and increasing Utrecht scores were significantly associated with shorter survival times. 5 In the most recent study on ACTs, the median survival time of 19 dogs with recurrence was 16.9 months (95% CI 10.8-49.3 months). 5 If these dogs would have been classified as having a high risk of recurrence, they could have received adjuvant treatment post-operatively which might have improved their survival times. Moreover, if molecular markers that are associated with malignancy and thus a high risk of recurrence could be identified, this could give more insight into which molecular pathways are useful to target for future treatment options. However, at present, little is known about which molecular markers are associated with malignancy of canine ACTs. Previous research by our group showed that the mRNA expression of Steroidogenic factor-1 (SF-1; NR5A1), an important regulator of adrenal development and steroidogenesis, was significantly higher in ACTs of dogs that had recurrence of hypercortisolism within 2.5 years after adrenalectomy, than in ACTs of dogs that had no recurrence for at least 2.5 years. 10 High expression of SF-1 is also an important negative prognostic indicator in human ACTs. 11, 12 Other molecular markers that have prognostic value in human ACTs include pituitary tumour-transforming gene-1 (PTTG1), 13 topoisomerase II alpha (TOP2A), 14 Vav Guanine Nucleotide Exchange Factor 2 (VAV2) 15 and (for childhood ACTs) B-cell lymphoma 2 (BCL2). 16 To identify molecular markers of malignancy in canine ACTs, we used a candidate gene approach. The genes we selected are involved in adrenal-specific pathways, proliferation/apoptosisrelated pathways, or both, and were selected based on an estimation of their prognostic relevance and whether they or the pathways they are involved in are potential druggable targets. The results of this study could be used to refine prognostic classification and could provide more insight into which genes or pathways are interesting for future studies on new treatment options. To this end, we evaluated the mRNA expression of 14 candidate genes and assessed whether they were associated with the histopathological diagnosis of the ACT based on the Utrecht score, and/or with the dogs' survival times.
| MATERIALS AND METHODS

| Case selection
Cortisol-secreting ACTs of dogs were collected between 2002 and 2015. All dog owners gave permission to use the ACT tissue for research purposes. Non-suppressible hypercortisolism and the presence of an enlarged adrenal gland was detected as described previously. 5 All dogs underwent unilateral adrenalectomy, which was performed by one of in total four experienced veterinary surgeons. Dogs were excluded from the study when they had bilateral adrenal tumours; when no formalin-fixed paraffin-embedded tissue and snap-frozen material was available; when they were euthanized or died before, during, or within 2 weeks after adrenalectomy; and when less than 3 months of followup information was available. All dogs with ACTs in this study were also included in the previously published series where we introduced the Utrecht score. 5 The adrenal glands of 11 healthy dogs were used as reference material; these dogs were euthanized for reasons unrelated to this study which was approved by the Ethical Committee of Utrecht University conform Dutch legislation.
| Histopathological evaluation
The histopathological evaluation of each ACT was performed as described previously. 5 Formalin-fixed paraffin-embedded tissues were cut in 4 μm thick sections on Superfrost Plus Adhesion Microscope Slides (Thermo Fisher Scientific, Breda, The Netherlands). The tissue sections were stained with haematoxylin and eosin, and immunohistochemical staining for Ki67 (MIB-1 clone, M7240, Dako, Agilent, Amstelveen, The Netherlands) was performed as described previously. 5 All ACTs were evaluated by two observers. For each ACT, the Utrecht score was calculated: the Ki67 proliferation index +4 if ≥33% of cells have clear/vacuolated cytoplasm, and + 3 if necrosis was present. The ACTs were classified according to their Utrecht score as low risk of recurrence tumours (LRTs; < 6 in Utrecht score) or moderatehigh risk of recurrence tumours (MHRTs; ≥ 6 in Utrecht score).
| Quantitative RT-PCR
Tissues were snap-frozen within 10 minutes after adrenalectomy (Table 1) were designed using Perlprimer software, 17 checked for secondary structure formation with the Mfold web server, 18 and ordered from Eurogentec (Maastricht, The Netherlands). Optimization and primer specificity confirmation were performed as described previously. 19 For data normalization, the mRNA expression levels of five reference genes were analysed: signal recognition particle receptor, succinate dehydrogenase complex subunit A, ribosomal protein S5, hypoxanthine-guanine phosphoribosyltransferase and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta. [20] [21] [22] Two technical replicates were analysed for each sample. To exclude interference of genomic DNA, for each sample a control sample without reverse transcriptase was analysed. GeNorm software 23 was used to analyse the reference genes' expression levels, which justified their use. The 2 −ΔΔCt method 24 was used to calculate the normalized relative expression of each target gene.
| Statistical analyses
Because the data were not normally distributed, which was observed using the Shapiro-Wilk test, differences in mRNA expression levels between groups (NAs, LRTs, MHRTs) were analysed with the Kruskal-Wallis test. Significant differences were analysed post hoc with the Mann-Whitney U-test with Bonferroni correction. Correlations between the Utrecht score and the gene mRNA expression levels were assessed using the Spearman's Rank Order Correlation. To calculate optimal cut-off values, receiver operating characteristic (ROC) curves were used. To obtain clear results, only dogs with evidently good or bad prognoses were included for ROC curves: dogs that had recurrence and were euthanized within 30 months after adrenalectomy were included in the positive group (n = 9), and dogs that had no recorded recurrence and lived for at least 30 months after adrenalectomy were included in the negative group (n = 13). The cutoff value with the highest Youden index (sensitivity + specificity -1)
was selected as the optimal cut-off value. Survival times were subsequently calculated using the Kaplan-Meier product-limit method, and the log-rank test was used to determine whether a difference in survival times between groups was significant. 3 | RESULTS
| Cases
Clinical data of the dogs included in this study are described in 
| Differential expression
In comparing the mRNA expression levels of the 14 candidate genes between NAs, LRTs, and MHRTs, 7 genes showed significant differences: INHA, VAV2, PBX1, PTTG1, RRM2, TOP2A and MKI67. Of these genes, the mRNA expression levels (Figure 1) (Table S2 ).
| Survival analyses
In assessing the genes' association with survival times, the mRNA expression levels of three genes were significant: SF-1, PTTG1 and TOP2A ( Table 2 ). When we classified the ACTs based on the genes' optimal cut-off values as calculated using ROC curves, the survival times were significantly different between the groups with high and low expression for all three genes ( Figure 2 ). For SF-1, the estimated In multivariate analysis, the SF-1 mRNA expression (P = .001) and
the Utrecht score (P < .001) were identified as independent predictors of survival.
| DISCUSSION
In this study we identified seven genes that were differentially expressed between NAs and ACTs, of which PTTG1 and TOP2A were also differentially expressed between LRTs and MHRTs. Moreover, we identified three genes of which high mRNA expression was significantly associated with poor survival: SF-1, PTTG1 and TOP2A. The prognostic relevance of these genes indicates that they could be useful to refine prognostic classification, but also identifies them as potential treatment targets.
SF-1 is an orphan nuclear receptor that is important in both adrenal development and steroidogenesis, 25 and the importance of SF-1 gene dosage in adrenocortical tumorigenesis has been shown in multiple studies. 11, 26, 27 Interestingly, SF-1 expression did not differ between LRTs and MHRTs in the current study, nor between adrenocortical adenomas (ACAs) and adrenocortical carcinomas (ACCs) in a previous study, 10 which might appear to contradict its prognostic relevance. However, this is remarkably similar to the SF-1 expression pattern in human ACTs. 11 This apparent contradiction could be related to the difference in SF-1 function depending on the cellular context: in differentiated adrenocortical cells SF-1 mostly stimulates hormone production, whereas in foetal adrenal development SF-1 stimulates adrenal growth. 25, 28 Possibly, ACA/LRT cells more closely resemble differentiated cells, and ACC/MHRT cells more closely resemble foetal cells, in which high SF-1 expression might provide a specific growth advantage. 11 Regardless of the mechanism, these results indicate that there could be room for improvement in the Utrecht score to refine prognostic classification. This was confirmed by the multivariate survival analysis, which showed that the Utrecht score and the SF-1 mRNA expression are independent predictors of survival.
Because the range of SF-1 mRNA expression is relatively small, assessment of the SF-1 mRNA expression would not be feasible to include in routine diagnostic procedures. Other techniques such as immunohistochemistry to evaluate the SF-1 protein expression could be analysed to determine whether this can improve prognostication. The prognostic relevance of SF-1 makes it an interesting therapeutic target. Compounds that can target SF-1 activity, called SF-1 inverse agonists, have been identified 29, 30 and inhibited cell proliferation and steroid hormone production in vitro in human ACC cells. 31 We showed in a previous study that one SF-1 inverse agonist, compound #31, effectively inhibited cortisol production and SF-1 target gene expression in canine adrenocortical cells in vitro. 32 If SF-1 inverse agonists will be further developed for clinical use, this may have much potential to improve the prognosis of dogs with an ACC with high SF-1 expression.
PTTG1 is a securin that regulates sister chromatin separation during mitosis, and it plays a role in DNA repair, metabolism, senescence, apoptosis and gene transcription. 33, 34 PTTG1 is also a prognostic marker in human ACCs, 13, 35 as well as in other tumour types in humans and dogs. [36] [37] [38] Several drugs have been shown to inhibit PTTG1 expression, including BRAF, HDAC, Hsp90 and STAT3 inhibitors, [39] [40] [41] which could be interesting options to target PTTG1 in canine ACTs.
TOP2A is a nuclear enzyme that facilitates DNA unlinking, which is required for DNA replication and chromosome segragation. 42, 43 TOP2A is predominantly associated with proliferating cells, which makes it an interesting therapeutic target in cancer. TOP2A is also a prognostic marker in human ACCs and other tumour types. 14, 37 Several TOP2A inhibitors are therefore successfully used in the clinic as anticancer drugs. 42, 43 The chemotherapy protocol that is most effective in human ACCs is the combination of etoposide, doxorubicin and cisplatin with mitotane (EDP-M). 44 Of these, etoposide and doxorubicin are topoisomerase II inhibitors, 45 and a recent study showed that the level of TOP2A expression in human ACCs is predictive of the response to the EDP-M chemotherapy protocol. 14 In view of the prognostic relevance of TOP2A in canine ACTs, topoisomerase II inhibitors could be an interesting treatment to improve the prognosis of dogs with high intra-tumoural TOP2A expression.
The prognostic relevance of genes such as VAV2, PBX1 and RRM2 could have been underestimated in this study due to the relatively low number of cases, and it might be interesting to reanalyse the expression of these genes in a larger dataset. Moreover, this study was based on a candidate gene approach. Making use of for example RNA sequencing would be an interesting approach to identify prognostically relevant genes in an unbiased fashion.
In conclusion, in this study we have identified several genes that are part of the molecular signature of malignancy in canine ACTs.
Most apparent molecular markers of prognosis were SF-1, PTTG1 and TOP2A. These findings can be used to refine prognostic prediction, but also offer substrate for future studies, where important prognostic markers could be targeted for new treatment options. If in the future drugs for multiple targets are available, treatment of dogs with high risk of recurrence could be based on their ACT's molecular malignancy profile, thereby moving towards personalized treatment. 
